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SPECTHAT, SCANIING AB A HESIANIAM OF COIOR FERCIPTION

Gecrpe Disrmszcn

Arplied Ressareh Loborotory
Svivenda Blasteonie Bywboan
A fdyision of Oylvenia Rlgotric Produsts ing,

TFEROIAITION

Tt is pererolly beldoved that the oye peresives color by peepsg of did-
faront typas of photc-sensitive rocoptors huving different speciral wwsponns
charactariztics. Pecoos of the thras-dimsnsional cherssters of coloy sen-
aaticn ond the comsbancy of oolor motehas, the comesmoue of oplinion ia thob
tha aye hoy thres basic spoctral response Qurves.

Wy offcrbs hava beon mde to calevlata the spsclrael reepones curves
of tha eyw, but thay have oll run into incomedotenciss that bave not rg-
cadred edsguate ogplonation. Flgure L gives, for exorpla, the gpectral
respones curves propcsad by Koendg apd Disterfed in 1884 {vef. 1). In fact;
the Wiole flald of color theory is #4llad with inconsistemcy, and this has
yroeptad the continunl gensration of more eloborate color theories to ex-
plein (4n the words of Troland) “the entgma of color vieion.”

Although the verious color theories may greatly in detail, they
appear to agrea on am principla: evexy theory (as for as the mrthor can
dsterming) thot has proposad o plsusible mechonism for converting the op-
ticel energy into o nguwrclogicel almal bas assuw@d that the ey hes dif-
forent types of photo-sennitive elcments having different spectral response
chooncteristies. 'This poyer sugaeebs that that basle principle is fnccrrscet.
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& fromh appeooch to atitock the endgme of color vision asn be famd
by sramindug epelogoud procosye dn slactrooic systoms. In 20lor viasicn,
ths ava performs & wovelength Sisaviuinablon Dmwiion, whlch is analogous
to oiher &lecriminoticn fumetionms parformmd in glzctyomis cyslemg. She
mest convendand ong N0 ouasifer is the asnpdlar dizevinmbendtlon used In reder
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heve egual responses. To gonerate o angler discriminntion eignal, the
signals frow dstoctor B is subbtractsd from that of datector A. The ra-
siltont anpulor dizovizisation sirmd is cadlsd an evrov gipmal becouse
it is goro for a turpet along the borizctel axis (called the boreaigat),
positive for toxgrin cbove that amic, wnd mootive for targess balow that
oxig. For a¥oumla, 0 Lorgah ¥, pgives o pocitive evror voltoge and wareet
T, gives o pepgutive covor voltipe. For tergdts reascnably closs to the
Wrasight, the srror slgnol is epprextmbaly proportionel to the anpular
deviatiom (or ereor) of the borgee from the boresight. '

Mgurse 2b 1lluotrates the mgular scoming eppronch, A single datactor
is cocilloted throush on ore, such that 4tn dlvestion of modmm gemisitivity
vorizs with tire lstimen the two doshed curves. The effect of this ossillo.

Hom, or sconning, operation 48 0 profuce an apllituis myhiletion of the
gimnl delivered Ly the datsctor, We ore Intovestsd in & first hermoaic
of thot moduleticsn, valch i at the frequency of the anpul~r czcillation
of thy detector. For o torgst along fhe borsslght, the first havwonde 4
zuros for a torget sbove the borasicht, such as 7., the first harmenic hos
poettive phose Teloive 1C the dotector osciliotidn; vharsas for o tarpet
belor the bovesight, cuch as Tp, the first barmonic heg nogntive phage,
The first hormoode hos mpxinm ampliteds 1€ the torgat lies clong cxe of
ths doshed curves: end in tha vicinity of the bovesight tho amplitude of
the first harmonic is proportional to the angular dsviction of the tarpet
fram the boresight.

The signal from the detector is amplified and the first harmonic is
demotulated by a phage-genaitive demotulator which uses the detactor os-
cillation adgnal ng o refaronce. The demodulator dalivecs g d-c signal
easentlally equivaient $o that vhish ¢s dplivared by the maltiple-detector
Bysﬂm w m‘ 23. ’

Thus toth ngproachwe daliver esesntinlly the swms sngular dlzeriminction
informntdon, bul tharo ove so important Aifferomss. We rmaltipls detecior
gystom 48 wory d1rTicals ¢o hssp in colibration heoavss 1t raguires twro
porallel arvpldficr shawesls, e gains of wWilch mush he ket motched, Thw
azaning deteetor oystam is mech simpler Lo Tuild, bub bas the dizadvertage
wWat Inaccurenies ara producsd 42 the sdonnd from ha torpet 18 soduicted
ot a frequoncy close to the evgular sorn frequncy. The mpgelar seen Bystan
2on e dessived by e Jammr vhich wdulaten 4ts rebuan algorl, and congo-
geantly melern radar syctims noy pensvally uea ths maltinla dtector ouproseh

1.m e R g 2 - T e
despita 18s tncmeszd comlenity.
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Fioura {3c) shown the Jotector signals producsd by the roder returns
from torgeto Tl nad The They consist of o-rc mdulntics sboud an averags
[ 4 ) -
or d-c valuz, and wo opposite in phese, X€ both torgels were present
simlionsonzly onrd profueesd rader rabarng of aguel etrength, the o~¢ cone
poments wolid eoredl and the averazs rvelua wonld e dcubled. This would
give the fales ingrasation of a single tevget olonp the horesirkt. This

'

problam 1s avedded in most raders by o rongs oote Wt cenapts only 9 single

tarmst reburn s o tims,

I% has been shoen thot thers are two basizc mone of echisving ongulor
diecriminabicn: with mltinle detectors having differant angulsor respomse
charnoteristics or Ly sconuing tha snouloe rapponed of o pinglo detector.
When v exomine oflwr discriminaticn tasks in 2lactronics we find thot the
soms two prineiples are wead. Thess inclpde ddecriwdnntion in time, Ire-
quency, dlstancs, and mny other poromeders. It eszme logical, therefors,

that Doth appecacies shuld e conslderal ag nocsibie nfong of axplaining
slor wislon. However, we flnd thot proviovs color thooriss hews applisd
only the mlilple datastor opprosch.

AFFLICATEOT OF COANRING IRINCIPLE 10 COLOR VisIoN

Imt us conzider how the destector soonning jrinoipls might be applied
to color vislen, Agsume that the detestor oscillated its spoctral re-
spongs in the sowe mumer as in anmidar scan. A onochromntic lisht would
produce an a-c modulated waveform, Just as does s single tarpet with ane
gular scan. A white spectrum of light would correspond to an infinite
mmbper of torgets. The coaponents due to the various wavelangths would
cancel, and a d-¢ signal would be produced. Thus the average or d-¢ oot
ponent of the aigna) deliverod by the detsctor would correspond to the
whits sensntion, and the a-¢ medulaticn cooponent would corraspond to the
chivoimtic cmeation.

Thars o tuo gite of basic chromatic zengationg sxpesrisnced in
vieiom: Dlug-velicy ond yad-muesn, blue asting os the negitive of yellow
and pgresn acting as e pamative of vad. Thils sungests thot thers are Hwo
A ferert avc wdilation corpovent in color viaslon, ove comonant ocre
rasponding 0 bluisyellow ani the cther 0 grednsyed, Th2 phage of o cone
ponaas would ditamsdns the differernce bortwean biue and yellow or boluwsen
gréan md rad. T two copmodents could b kapl serocete Ly being et
Giffevent fraquenciss o by being Medegrass out of phase with nsnest o
on? rnother. '

e of tha poublsyms cococlated with cowantionsl radar engilar ccan
15 thot the twrget fcho mud be precont for & 4irmo lopgsy than one cyule
€ the sean o oxdsr Yo the nopwlar dicerdmicebiog o be porforssd.  Howe
gvay, in tha osloncus oolor vision sfituation, ha eye s ebla 00 a2 caloy
firon o vy ot polao of 1lobh, maoh shorter than ony wesamahle soun
vaxrdod, thm onn the waoniag orincipls bo oppiied 478 thig condibiog
et be oatioflsdy A sbvple suswer was pmupessd by Rebsrit 2o Loy, an
naepelate Of the mathor, P2 vosbalated ol the rocerndng jrcozes fn coloy
Piedion i8 porformgd mbsspunt to detection, rother thon welor $o detase
tion ae in ony
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redons of the vhiotodetestor portion of the cone. Ths 1ight falling on
the detector susites the photopigmnt and generctes elaciric charges.
An electrical georming maschanden 13 cnploysd in the con2 to comtyol the
or of charge. The scomning mechanisn seens back-and-Torth soross the
Gatactor snd fesdn out the charmes frowm different unorticns of the do-
tector ob different instants of tims.

Thg primmtic oifect rrobebly duss not espocate the vovelengihs
dacretsly. Rather, it is more likely that it mrely yroduces different
distributions of anergy across the ghotodsbector for different vavee
lengiths. Vavesuide or intsrforancs patiernsg within the cme ray La re-
spersinle for the prismiic effect. The seemning sotion eould be protucad
by en oscillating elestvic field that controls the flov of charge from
the chotedmtantor.

. An dppoirtom quastion thot pectoins to the scemping Prosess concems
the relatisnchip betueen the Dlus-yallow and mremerad rodelations. In
oxder for the corxning $0 be parfommed in the sirplest mmer, these
mottlations shonld Do hormonleslly related. Evidsmce (which is beyond the
seope of this paper) susgects thet the blue-yellow signsl is o Plrst oo
mmic and the gedsnered simal 4 & sscond harmenia,

Figura Do shows a first opprovirstion of bow the opticnl eN_YEY Op-
pears to by deiributed across the photosensitive portion of the cane by
meons of the primmatic effect. The shetch shows the energy distributions
for specific vevelsnsths in the viclet, blue, green, yellow, and red por-
tions of the spectrum.. For couvenience, the maxiram ensrgy distributions
are normalizad to unity. 7The horizontal axis lobeled "position on cons”
is purposely vegue, bocsuse the suthor does not know whethar the varlation
of enevzy iz longitudinal, axisl, or somsthing slse,

It 1s postulated thaot an elactrical scanntvg mechanism scans back
and forth acrosz the photoosngitive portion of the cone v o oyclic mezmer,
as 1g indicated. The ffoct of this =meaming is to rroduce the wavelorms
ghiown in Fig. 5b for ths wavelsngths correspending to the engrgy dictrivo-
tions fn Plg. So. The lower daghed woveform of Fizm. S5b s produeed Ly o
wixture of two sonochrometic Ughts, o red plus o violet 5 Which codinzd
to form a mamgrie solay sencation,

Reglectins hammoles chove ths escond, the y2licy end blus vevelsngihs
ganerate Lirst bexwmerdes of opposite vhesze, while the mogesnta {im., violst
pinz rved) ard grazs wvow2leogths genwete second horocnles of opposite phass,
Por the particulor verslinothg concldersd, blus, gresn, y&llor, and
eagerte (4.8., viodet plus r2d), simple warsfores ure wrodused,  Irtermzdi-
ats wav@langths revsvats both fivst and svcond horponles. Yo i elgelifi-
cart and desleobly peyoholegleally that mazenks {vwhish 2g o purple ped)
1z o nobural crioovy (o this theory, rather <hun red, =wun wovgh megmte
i8 2ot o myzctrel color.

Biridenca indicatos thot the waveforms ave demodulszfed in the retine
e form @=a elomnla of oppocing oiges wbhich producs Hhn Yluaeyallow asd
Ve sy ie {ov presnsUrad") ewnpetions. The vovefoaTs myw PLISexed
o lgowe the sverage vnlue, vhleh gives the Dlaskevhize, o Iudnonilty,
TN s
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increases with ﬂ-_;m:, imterelty, vhich appeers o indicobe thal the eye In.
creasas its scen rale with inergosing ldicht lotanaity.
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Althcogh the scaoning privciple s o alendoxd opprosch Tor pacsforzden
Alecrimineticor $asvs in elevtrondc systems, oz for ss the aubthor con dster-
ming 1t hos pever boen conoldarsd o o means of explolving the wevslength
ﬁincxuzﬂ.na".,.cn Aucticn perfored by Yhe gwe in color wision. ALl rE-
vious thecries of f*r.)l(:“ that hove provessd ploveible sans for comverting
ight engrgy dnto aaurolegical color =ignale ornsar to Lo based upon the
mltinle-detactor G‘i‘i"ﬂiﬂl of werelomgth disorimdnetion,

This vapse bas apelizd the scoming rrincipls of dleercininution 4o
calor perception and finds that it appeasrs to yrovids a very sliple ¢x»
planation for "the emigma of color vision." Pecouss this new theory of
color 48 based vpon o detection principle shich is fundomentelly dif-
ferent from that of pravious color thsoriss, it openg up an entively new
spproach to the ccior phenomsnon,
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Figure 1. Theoretical Response Curves of the Eye Proposed by Koenig and Dieterici
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Figure 2. Two Basic Techniques for Angular Discrimination. in Radar Systems |
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“SCAN ACROSS CONE:

GREEN

'ENERGY DISTRIBUTION

POSITION_ON CONE!

U U S S

(A) ENERGY: DISTRIBUTION ALONG PHOTOSENSITIVE';
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(8) SIGNALS DELlVERED BY CONE FOR VARIOUS WAVELENGTHS
_OF LIGHT T R o

Figure 5. Approximate Sketches Illustrating Princinle of Generation of Modulated
Waveforms in Cone



e_notc\./ D so YiBualaAop YilM 'syb1 _o:uvmm ABiauy |onbj
J0§ jusuodwo) -V an|g-uaaig) SNSIIA jusuodwo) D~V pay-mo||aA 30 40ld "9 ainbiy
nie
: - , 954
0 {YLINIOYW):
3 * ) *0-:31ddN *1-
3) NIRIO — —o = aay
0es
A ! 0l
ors : T = ; . 7
L (3ONVEO)
055 __ (MOTIIA-aR 019
. 085 —T0ss
! R
(9-) MOTIIA




o S e 4-1-0309

ERROR SIGNAL
O
4

0o

-1 | |
.g]f 924 | e |
. ANGLE o

- (A)_ERROR SIGNAL FROM MODE A

N

SIGNAL'

o - YECLOW,
sl

L \ e
5 RED N sive |
{ 1‘\ [
| N /
~ d

§
w« | . -
}

PURPLE
R@fﬁéﬁbﬁﬂéﬁﬂfmoMkmmEBVﬁi@ﬁéng@bﬁﬁkmfx

Figure 7, Responses Needed for Redar to Track Multiple Targets, Related to the Color Wheel
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